Pericellular proteolysis of the extracellular matrix by membrane type 1-matrix metalloproteinase (MT1-MMP) confers tumor cells with the ability to proliferate within three-dimensional (3D) matrices and sustains tumor growth in mice. In this study, we show that in addition to its matrix-degrading activity, phosphorylation of MT1-MMP on its unique tyrosine residue located within its cytoplasmic sequence (Tyr573) may also participate to these processes. Fibrosarcoma cells expressing a proteolytically active but non-phosphorylable mutant of MT1-MMP showed a markedly reduced proliferation rate when embedded within 3D type I collagen matrices, this antiproliferative effect being correlated with arrest in the G 0 /G 1 phase of the cell cycle. Impaired tyrosine phosphorylation of MT1-MMP also inhibits anchorage-independent growth of HT-1080 cells in soft agar as well as their invasion of collagen barriers, two prominent attributes of tumor cells, suggesting a broad inhibitory effect of the MT1-MMP mutant on tumorigenesis. Accordingly, whereas HT-1080 cells formed wellvascularized tumors containing tyrosine-phosphorylated MT1-MMP, tumor growth was completely abolished by expression of the non-phosphorylable MT1-MMP mutant. These findings thus indicate a close co-operation between the matrix-degrading activity of MT1-MMP and tyrosine phosphorylation of its intracellular domain for tumor cell invasion and proliferation and suggest that the targeting of the intracellular signaling pathways leading to tyrosine phosphorylation of MT1-MMP may represent an unexpected alternative strategy for the inhibition of this enzyme.
Introduction
The degradation of extracellular matrix (ECM) proteins by members of the matrix metalloproteinases (MMPs) plays a crucial role in several processes underlying tumor progression, including cell attachment, cell migration, invasiveness, cell proliferation, apoptosis and angiogenesis (1) (2) (3) (4) . Recent studies have provided convincing evidence that membrane type 1-matrix metalloproteinase (MT1-MMP), a membrane-anchored MMP, plays essential roles in tumor cell migration and invasion by acting as a potent matrix-degrading protease that proteolyses a broad spectrum of ECM proteins (5-7) as well as a number of cell surface-associated adhesion receptors (8, 9) . MT1-MMP is overexpressed in many types of tumors (10, 11) and pericellular proteolysis of the dense cross-linked meshwork of type I collagen fibrils mediated by the enzyme confers neoplastic cells with tissue-invasive activity (12) and sustains tumor cell growth in otherwise growth-restrictive three-dimensional (3D) matrices (13) .
In addition to its important matrix-degrading activity, MT1-MMP contains a short cytoplasmic sequence whose function remains largely unknown but seems important. Cells expressing cytoplasmic domaindeleted MT1-MMP mutants retain the ability to proteolyse the ECM but have a markedly reduced migratory potential (14) (15) (16) (17) (18) , suggesting a role of this domain in linking extracellular proteolysis to intracellularsignaling events involved in cell locomotion. Actually, the cytoplasmic sequence of MT1-MMP actively participates to the internalization of the enzyme (15) , to the activation of the extracellular signalRegulated Kinases-signaling pathway (17, 19) as well as to its interaction with tyrosine-phosphorylated caveolin-1 (18) , and these events may all contribute to efficient cell locomotion triggered by the enzyme. More recently, we reported that MT1-MMP is phosphorylated on its unique cytoplasmic tyrosine residue and that this event may also participate to cell migration (20) , possibly by inducing a relocalization of the enzyme at the leading edge of migrating cells (21) .
Although the mechanisms leading to the Src family kinasedependent tyrosine phosphorylation of MT1-MMP remain to be unveiled, we observed that expression of a dominant-negative, nonphosphorylable MT1-MMP mutant inhibits phosphorylation of the enzyme and interferes with the migration of both tumor and endothelial cells (20) . We report herein that impaired tyrosine phosphorylation of MT1-MMP also markedly reduces the tumorigenic properties of the highly invasive HT-1080 fibrosarcoma cell line by interfering with the proliferation of these cells within type I collagen 3D matrices, leading to a complete inhibition of tumor growth in nude mice.
Materials and methods

Generation of cell lines
The complementary DNAs (cDNAs) encoding the full-length human MT1-MMP and its cytoplasmic domain mutant (Y573F) have been described (20) . Human fibrosarcoma cells HT-1080 [grown in minimum essential medium (MEM) supplemented with 1 mM sodium pyruvate, 10% fetal bovine serum (FBS) and 4 mM glutamine] were transfected using the FuGENE 6 transfection reagent (Roche Diagnostics, Laval, QC, Canada) according to the manufacturer's instructions. Stably transfected cells were selected and maintained in 250 lg/ml Zeocin (Invitrogen, Burlington, ON, Canada). Control cells were stably transfected with the empty vector (pcDNA3.1) and were selected and maintained in 200 lg/ml G418. Stable clones expressing high levels of MT1-MMP messenger RNA and that exhibit high activity of MMP-2 activation (compared with control cells) were used. The selected stable clones were assessed for two-dimensional (2D) and 3D cell proliferation, flow cytometry and zymography assays. Data presented in this manuscript represent the results obtained from at least three independent clones. 2D-3D culture and cell invasion Type I collagen was extract from rat tail and resuspended at 2.7 mg/ml in acetic acid. For 2D culture, stables clones were seeded on dishes plates coated with 100 lg/ml type I collagen. For 3D culture, stable clones were mixed with 10Â MEM, 0.17 N NaOH and 2.7 mg/ml type I collagen. The mixture was allowed to gel for 45 min at 37°C and culture media containing 10% FBS was added atop. For growth inhibition, 50 ng/ml of tissue inhibitor of matrix metalloproteinases-1/2 (Chemicon International, Temecula, CA) and 50 lM GM6001 (Calbiochem, San Diego, CA) were incorporated into both the collagen gel and the culture medium. Collagen gels were dissolved with 2 mg/ml bacterial collagenase (Sigma, Burlington, ON, Canada) and viable cells were counted by trypan blue exclusion using a hemacytometer. For cell invasion assays, type I collagen (0.5 mg/ml) was allowed to gel in the upper well of 24 mm Transwells Abbreviations: BB, binding buffer; cDNA, complementary DNA; 2D, two dimensional; 3D, three dimensional; ECM, extracellular matrix; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; HPS, hematoxylin, phloxin and saffron; MEM, minimum essential medium; MMP, matrix metalloproteinases; MT1-MMP, membrane type 1-matrix metalloproteinase; PBS, phosphatebuffered saline; PI, propidium iodide; TIMP, tissue inhibitor of matrix metalloproteinases.
Ó The Author 2008. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org 1655 (Corning, Lowell, MA). After gelling, 5 Â 10 5 cells in medium without serum were added atop of the collagen gel, and medium with serum (10% FBS) was added to the lower chamber. After 48 h, cells that had invaded the gel were quantified using computer-assisted imaging Northern Eclipse 6.0. The data are expressed as the average density of migrated cells per four fields. For cell invasion in dense collagen gels (2.2 mg/ml), the same procedure was applied except that cells were allowed to invade the matrix during 8 days. Collagen gels were then fixed with 10% formalin phosphate, paraffin embedded and stained with hematoxylin, phloxin and saffron (HPS).
RNA isolation and real-time quantitative polymerase chain reaction Stable clones were cultured within type I collagen matrix (2.2 mg/ml) for 5 days. Cells were extracted with collagenase and total RNA was isolated using QIAzol lysis reagent (Qiagen, Mississauga, ON, Canada) according to the manufacturer's instructions. Equal amounts (2 lg) of purified RNA were used to synthesize first-strand cDNA with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Quantitative polymerase chain reaction for gene quantification was performed from first-strand cDNA using the iQ TM SYBRÒ Green Supermix (Bio-Rad, Mississauga, ON, Canada) and the following primers designed for the human MT1-MMP gene: forward, 5#-GAGGGCTGCCTACCGACAAGAT-3# and reverse, 5#-CCTTCCCAGAC-TTTGATGTTCTTGG-3#. b-Actin (primers from Qiagen) was used as internal control. DNA amplification was achieved on the iQ5 Real-Time PCR Detection System (Bio-Rad) in the following conditions: 1 cycle (10 min at 95°C) then 40 cycles (10 s at 95°C; 30 s at 60°C and 30 s at 72°C) and finally 41 cycles of increasing the temperature 1°C every 10 s starting at 55°C.
Immunofluorescence and confocal microscopy Stable clones were cultured within type I collagen matrix (2.2 mg/ml) during 5 days. Collagen gels were then fixed with 10% formalin phosphate, paraffin embedded, cut in 3 lm thick sections and mounted into pretreated slides (Superfrost þ). Paraffin was removed using toluene and the samples were rehydrated with ethanol. For antigen retrieval, the samples were incubated in citrate buffer for 10 min at 95°C and cooled in the same buffer at room temperature for 20 min. After 10 min of incubation with 20 lM Hoechst for nuclei staining, samples were permeabilized with 0.2% Triton X-100 for 10 min and blocked (1% bovine serum albumin in Tris buffer saline containing 0.1% Tween 20) for 30 min. Samples were then incubated with tetramethylrhodamine B isothiocyanate-conjugated phalloidin (for actin staining) for 30 min and stained with specific primary antibodies against phopho-MT1-MMP (20) or MT1-MMP (MAB3328, Chemicon International) for 30 min, followed by 30 min incubation with Alexa488-conjugated secondary antibodies (Molecular Probes-Invitrogen, Burlington, ON, Canada). Samples were covered with Immuno-Fluore Mounting Medium (MP Biomedicals, Solon, OH). Immunostaining was visualized and photographed using a Zeiss LSM 510 Meta confocal microscope.
Anchorage-independent growth assay Six-well plates were covered with 1.5 ml of 0.5% agar (Sigma, Oakville, ON, Canada) in complete medium (MEM, 1 mM pyruvate and 10% FBS). A total of 2 Â 10 4 cells were suspended in 6 ml of 0.35% agar in complete medium, and 1.5 ml of this mixture (5 Â 10 3 cells) were added atop the 0.5% agar. Cells were allowed to form colonies for 15 days at 37°C. Colonies were stained overnight with 0.005% crystal violet. Microscopic colonies were visualized and counted using light microscope (objective Â4), whereas macroscopic colonies were visible to the naked eye.
Flow cytometry analysis of MT1-MMP Cells were harvested with 0.5 mM ethylenediaminetetraacetic acid/phosphatebuffered saline (PBS) and washed twice with binding buffer (BB) containing 0.1% bovine serum albumin in PBS. In experiments using cells grown in 3D collagen matrices, cells were first extracted from the gels using bacterial collagenase and then processed for analysis. A total of 10 6 cells were incubated for 1 h at 4°C with 1 ml of 1 lg/ml MT1-MMP (MAB3328) antibody or a control mouse IgG (Sigma) in BB, washed twice with BB and incubated with anti-mouse fluorescein isothiocyanate (FITC)-conjugated antibody for 30 min at 4°C in the dark. After two washes, cells were resupended in 1 ml BB and analyzed using the fluorescent activated cell sorting (FACS) Calibur (BD Biosciences, Mississauga, ON, Canada). Aneuploidy and cell cycle analysis Cells were trypsinized, washed twice with PBS containing 5 mM ethylenediaminetetraacetic acid and fixed (10 6 cells) in 75% ethanol overnight at À20°C. In experiments using cells grown in 3D collagen matrices, cells were first extracted from the gels using bacterial collagenase prior to fixation in ethanol. Cells were then washed twice and stained with 50 lg/ml PI containing 20 lg/ ml RNase A for 1 h at 37°C in the dark. Cell cycle and DNA content were then analyzed using FACS Calibur (BD Biosciences).
Immunoprecipitation and western blotting The procedures have been described previously (18) . Briefly, equal amounts of proteins were incubated overnight at 4°C in the presence of 1 lg/ml of MT1-MMP monoclonal antibody and the immune complexes were collected by incubating the mixtures with protein G-coupled Sepharose beads. Bound material was solubilized in Laemmli sample buffer, boiled for 5 min, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted.
Zymography A total of 20 ll of conditioned media was resuspended in non-reducing sample buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis using polyacrylamide gels containing 1 mg/ml gelatin. Gels were then washed twice for 30 min in 2.5% Triton X-100 and rinsed with nanopure water. Gels were incubated at 37°C in zymography buffer (50 mM Tris pH 7.6, 200 mM NaCl, 5 mM CaCl 2 and 0.02% Brij 35) for 18 h and digested areas were visualized by coloration of the gels with Coomassie Blue.
Measurement of collagenolytic activity
Collagenolytic activity of HT-1080 transfectants grown in 3D collagen gels was determined by the measure of hydroxyproline released in the culture media as described (22) .
In vivo tumor growth
Six-week-old female immunodeficient nude mice (Crl: CD-1Ò -Foxn/ nu ) were purchased from Charles River Laboratories (Wilmington, MA). Experiments were performed according to the guidelines of the Canadian Council of Animal Care. A total of 5 Â 10 6 viable cells (stably transfected clones) were resuspended in 100 ll of 1% methylcellulose in serum-free MEM. Mice were anesthetized with O 2 /isoflurane inhalation and cells were implanted subcutaneously into the flank of mice. The tumor size was measured every 3 days using a digital caliper. Tumor size was calculated as follows: p/6 Â length Â width 2 . Animals were killed after 34 days.
Histological analysis and immunohistochemistry
Tumor xenografts were fixed in 10% formalin phosphate and embedded in paraffin. For routine histological examination, 3 lm thick sections were stained with HPS. Immunohistochemistry was performed on paraffin-embedded sections using the biotin-streptavidin peroxidase LSAB kit in conjunction with an automated DAKO immunostainer (Dako, Mississauga, ON, Canada). First, for antigen retrieval, deparaffinized and rehydrated sections were incubated in citrate buffer for 30 min. The sections were then mounted in the DAKO autostainer, covered with H 2 O 2 for 5 min, followed by a 5 min application of Ultra V block (Lab vision, Fremont, CA). The slides were then incubated at room temperature with anti-CD31 (PECAM-1, Santa Cruz Biotechnology, Santa Cruz, CA), anti-MT1-MMP AB815 (Chemicon International) and antiphospho-MT1-MMP or non-specific mouse or rabbit IgG as negative controls, followed by the addition of the labeled biotin-streptavidin reagents, according to the manufacturer's instructions (LSAB þ System HRP Kit; DAKO). DAB (DAKO) was used as a chromogen.
Statistical analysis
All statistical analysis was performed by one-or two-way analysis of variance followed by the Bonferroni posttests. Analyses were performed using GraphPad Prism program. P , 0.05 was considered statistically significant.
Results
A non-phosphorylable MT1-MMP mutant reduces tumor cell proliferation within 3D matrices We generated stable clones of human fibrosarcoma cells (HT-1080) expressing either the wild-type form of MT1-MMP (MT1 WT) or a non-phosphorylable version of the enzyme (MT1 Y573F) ( Figure 1A ). Using antibodies specifically recognizing the tyrosine phosphorylated form of MT1-MMP (20), we observed that
overexpression of the wild-type form of MT1-MMP was correlated with increased phosphorylation of the enzyme, particularly when cells were grown within (3D) type I collagen gels ( Figure 1A ). By contrast, the tyrosine phosphorylation of MT1-MMP was reduced in cells expressing the non-phosphorylable version of the enzyme, indicating that the mutant acts in a dominant-negative manner in these cells [ Figure 1A , (20) ]. Due to elevated turnover of the enzyme (23,24), MT1-MMP was expressed at relatively low levels at the surface of both control and stably transfected cells grown atop (2D) collagen ( Figure 1B) ; however, this cell surface localization was significantly increased in cells overexpressing the wild-type as well as the nonphosphorylable forms of MT1-MMP in cells grown within (3D) type I collagen gels ( Figure 1B) . Moreover, although MT1-MMP messenger RNA levels were similar in cells overexpressing either the wild-type or the non-phosphorylable forms of the enzyme ( Figure 1C ), MT1-MMP was expressed in a higher extent in cells expressing the nonphosphorylable form (Y573F) of the enzyme ( Figure 1A and B) , possibly due to reduced internalization caused by the lack of LLY 573 cytoplasmic motif (15) . Interestingly, confocal images of HT-1080 cells embedded in collagen gels showed that overexpression of wild-type MT1-MMP increased tyrosine phosphorylation of the enzyme and spreading of the cells within the collagen gel, whereas cells expressing the non-phosphorylable MT1-MMP mutant had markedly reduced levels of phosphorylated MT1-MMP and showed a compact, spherical configuration ( Figure 1D ).
We next examined the impact of tyrosine phosphorylation on MT1-MMP-mediated tumor cell proliferation. Cells expressing either the empty vector (pcDNA), the wild-type form of MT1-MMP or the nonphosphorylable version of the enzyme showed similar proliferation rates on 2D collagen, with an exponential growth phase occurring between day 3 and 5 ( Figure 2A ). By contrast, when cells were embedded within a 3D collagen matrix, basal (pcDNA) tumor cell proliferation was significantly reduced, as previously reported (13), but could be significantly increased by overexpression of wild-type MT1-MMP (2.4-fold compared with control cells at day 7). Interestingly, however, although all transfected cells were viable ( Figure 2B ), those expressing the non-phosphorylable form of MT1-MMP showed markedly reduced proliferative rates in the 3D collagen gel, with 50 and 80% inhibition of cell proliferation compared with pcDNA-and wildtype MT1-MMP-transfected cells, respectively (Figure 2A ). Similar results were observed when cells were grown within a 3D fibrin matrix (C.Nyalendo, unpublished observations). The inhibitory effect on cell proliferation by the non-phosphorylable form of MT1-MMP suggests that impaired tyrosine phosphorylation of MT1-MMP reduces tumor cell proliferation in 3D collagen gels triggered by this enzyme.
We next examined if the inhibition of tumor cell proliferation of cells expressing the non-phosphorylable MT1-MMP mutant was related to alterations in the proteolytic activity of the enzyme. As expected, the growth of tumor cells within 3D collagen matrix (but not on 2D) was abolished by TIMP-2 (but not TIMP-1) as well as by the synthetic MMP inhibitor GM6001, illustrating the crucial role of collagenolysis in this process [ Figure 2C , (13)]. However, we observed that cells expressing either the wild-type MT1-MMP or the Y573F mutant both activate pro-MMP-2 to its active form and had similar collagenolytic activities, as reflected by the quantitation of hydroxyproline released from the collagen matrices ( Figure 2D ). In fact, since HT-1080 cells expressing the MT1-MMP mutant have a much lower proliferation rate in 3D collagen matrices (see Figure  2A) , the amount of hydroxyproline released per cell was 8-fold higher for these cells than for those expressing wild-type MT1-MMP ( Figure 2D ), further emphasizing that the inhibitory effect of the MT1-MMP mutant on tumor cell proliferation is not related to defective proteolysis.
These results thus indicate that MT1-MMP-mediated proteolysis is not only necessary to confer tumor cells with a proliferative advantage within a 3D collagen matrix but also raises the intriguing possibility that the catalytic activity of the enzyme may not be sufficient for this process.
Impaired tyrosine phosphorylation of MT1-MMP induces cell cycle alterations in tumor cells embedded within 3D collagen gels It was previously reported that MT1-MMP-dependent cell proliferation within 3D collagen gels correlated with increased cyclin D 3 kinase activity (13) , suggesting a functional coupling between proteolysis of the surrounding collagen matrix and cell cycle progression. As shown in Figure 3A , when grown under planar conditions, cell cycle progression of the HT-1080 transfectants was similar, with almost half of the cells in quiescence (G 0 /G 1 ), and the other half in growth phases (S and G 2 /M). Although cells overexpressing the nonphosphorylable mutant showed proliferation rates similar to those expressing the wild-type version of MT1-MMP (Figure 2A ), a small but significant increase of cells in G 0 /G 1 as well as a decrease in G 2 /M phases were routinely observed. These effects were, however, more pronounced in cells grown within 3D collagen gels, with most of the cells expressing wild-type MT1-MMP in growth phases (S and G 2 /M), while expression of the MT1-MMP Y573F mutant markedly increased the proportion of quiescent cells (10% more cells in G 0 /G 1 ), concomitant with a significant diminution of proliferative cells (G 2 /M) ( Figure 3A) . Such an induction of cell growth arrest in 3D by non-phosphorylable MT1-MMP was correlated with diminution of cyclin D 3 and cyclin-dependent kinase 4 levels (no significant changes were observable for cyclin D 1 ). Furthermore, the non-phosphorylable form of MT1-MMP induced a dramatic increase of the cyclindependent kinase 4/6 inhibitor p16 INK4A (while p15 INK4B levels were not modulated), being observable only when cells were grown in 3D collagen matrix ( Figure 3B) . Analysis of DNA content by flow cytometry also indicated that overexpression of MT1-MMP leads to aneuploidy, as recently reported (25), with 9.9% of the wild-type MT1-MMP-expressing cells showing an aberrant DNA content (up to 8n), compared with only 5.8% for control cells ( Figure 3C ). In addition to its inhibitory effect on cell cycle progression, impairment of tyrosine phosphorylation of MT1-MMP completely reversed this MT1-MMP-induced polyploidy in fibrosarcoma cells, with only 5.1% of the non-phosphorylable MT1-MMP-expressing cells showing aberrant DNA content ( Figure 3C ). These results thus suggest that the reduction of cell proliferation induced by the non-phosphorylable MT1-MMP mutant may be related to an inhibitory effect of the mutant on cell cycle progression.
Tyrosine phosphorylation of MT1-MMP is important for invasion of collagen barriers by tumor cells
We next investigated the involvement of tyrosine phosphorylation of MT1-MMP on tumor cell invasion of collagen barriers. When seeded atop type I collagen gel, the endogenous MT1-MMP levels of HT-1080 cells confers these cells with the ability to invade the collagen gels to a significant extent; however, overexpression of wild-type MT1-MMP promoted a marked increase in these invasive properties and, as expected, this invasion program required the catalytic activity of the enzyme, as reflected by its sensitivity to TIMP-2 and GM6001 ( Figure 4A ). By contrast, the invasive potential of cells expressing the non-phosphorylable MT1-MMP mutant was dramatically decreased, being 8-fold lower than cells expressing its wild-type counterpart and 3-fold lower than control HT-1080 cells. Similar results were also observed when cells were allowed to invade a more dense (2.2 mg/ ml) collagen gel; histological analysis of cross-sections from these gels showed that invasion of the gel was significantly increased by expression of wild-type MT1-MMP, whereas cells expressing the nonphosphorylable MT1-MMP mutant mostly remained at the surface (red arrows, Figure 4B ).
Tyrosine phosphorylation of MT1-MMP is important for anchorageindependent growth of tumor cells
We next monitored the effect of the non-phosphorylable MT1-MMP on the anchorage-independent growth of HT-1080 cells. As shown in Figure 5 , control HT-1080 cells formed a significant number of colonies in soft agar but overexpression of wild-type MT1-MMP had no effect on the total number of colonies, as reported (26), although it significantly increased the size and the number of large (macroscopic) colonies. Interestingly, expression of the non-phosphorylable MT1-MMP mutant antagonized these anchorage-independent growth properties of fibrosarcoma cells, with a 3-fold reduction in the number of colonies formed in soft agar. Since the growth of HT-1080 cells in soft agar does not require the proteolytic activity of MT1-MMP (26), these results provide additional support for an important role of the phosphorylated form of the enzyme in cell proliferation, independent of the intrinsic catalytic activity of the enzyme. Figure 6B ). MT1-MMP was expressed by the majority of the tumor cells but, interestingly, the distribution of the phosphorylated form of the enzyme appears to be much more restricted, being predominantly detected in cells located at the proximity of blood vessels ( Figure 6B) .
Although the absence of tumor growth in animals implanted with cells expressing the non-phosphorylable MT1-MMP mutant precludes a detailed analysis of these tumor cells in vivo, preliminary experiments revealed that fibrosarcoma cells expressing either the wild-type or the mutated version of MT-MMP induced the development of small lesions (microtumors) with similar volumes ($40 mm 3 ) 6 days after subcutaneous implantation. Low magnification histological examination of paraffin sections from these early microtumors showed that these two types of xenografts formed a well-delimited lesion ( Figure 6C , HPS, upper panels) and seemed similar at first glance. However, at high magnification, the lesions appeared highly different: the microtumor formed by the wild-type MT1-MMPexpressing cells was mainly formed by tumor cells (Figure 6C , HPS, lower panel), and already contained blood vessels ( Figure 6C, CD31  immunostaining) ; by contrast, the lesions induced by cells expressing the non-phosphorylable version of MT1-MMP lacked either tumor cells ( Figure 6C , HPS, lower panel) or blood vessels ( Figure 6C , CD31 immunostaining) and were predominantly composed of mouse immune cells and swollen histiocytes. As expected, MT1-MMP was highly expressed in the microtumor derived from wild-type MT1-MMP-expressing cells, whereas it was absent in that induced by cells expressing the mutant ( Figure 6C ). Overall, these results indicate that tumor cells expressing the non-phosphorylable form of MT1-MMP have lost the ability to grow in vivo, being rapidly eliminated by the innate immune cells of the animal, further suggesting an important function of tyrosine phosphorylated MT1-MMP in the tumorigenicity of fibrosarcoma cells.
Discussion
Our results confirm previous findings showing that MT1-MMP is indeed a major collagenolytic enzyme that enables tumor cells to cleave 3D barriers of fibrillar collagen and make it permissive for proliferation and migration (12, 13, 27) . Importantly, however, we observed that tumor cells expressing an MT1-MMP point mutant lacking a single tyrosine phosphorylation site within its intracellular domain (Y573) showed markedly impaired invasion and proliferation activities within these 3D type I collagen gels, in spite of similar expression of the enzyme at the cell surface as well as unaltered proteolytic activities toward pro-MMP-2 and fibrillar collagen. These observations thus raise the interesting possibility that the proteolytic activity of MT1-MMP, although essential for the degradation of collagen barriers, may not be sufficient per se to sustain the proliferation of tumor cells within a 3D environment and suggest that signals originating from the intracellular domain of the enzyme also participate to this process.
While the importance of the cytoplasmic sequence of MT1-MMP for cell migration and invasion has been repeatedly suggested in recent years (28), the molecular events underlying this requirement still remain largely unknown. Src family kinase-dependent phosphorylation of the unique tyrosine residue located within this sequence was recently suggested as an attractive means by which this regulatory function may be achieved, based on the relocalization of the tyrosine phosphorylated form of MT1-MMP at the leading edge of migrating cells (20, 21) as well as by the potent inhibitory effect of a dominantnegative, non-phosphorylable MT1-MMP mutant on cell locomotion 
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in the 3D environment. We observed that the wild-type version of MT1-MMP increases the activity of the cell cycle machinery, leading to enhanced proliferation and to an increase in the aberrant DNA content of HT-1080 cells. However, the expression of the nonphosphorylable MT1-MMP mutant downregulated cyclin D 3 and cyclin-dependent kinase 4 levels, and increased considerably the levels of the cytostatic mediator p16 INK4A , resulting in cell cycle arrest in G 0 /G 1 and to the reversal of polyploidy. This suggests that impaired tyrosine phosphorylation of MT1-MMP may counteract the cell cycle changes normally induced by the enzyme, such as increased cyclin D 3 kinase activity (13) . Although the upstream mechanisms responsible for the inhibitory effect of the non-phosphorylable MT1-MMP mutant on tumor cell proliferation remain to be more investigated, it is tempting to speculate that the formation of molecular complexes containing tyrosinephosphorylated MT1-MMP and key signaling intermediates, such as tyrosine-phosphorylated caveolin-1 (20) or p130Cas (21) , may participate to the regulation of key cell cycle checkpoints and confer a growth advantage to tumor cells embedded within 3D collagen gels. In this respect, it is noteworthy that at least one of the currently identified proteins that interact with tyrosine-phosphorylated MT1-MMP, p130Cas, acts as a positive regulator of both proliferation and survival in normal and transformed mammary epithelial cells by activating signaling pathways leading to cell cycle progression (29) . Such an interference of the MT1-MMP mutant with signaling pathways leading to cell cycle progression would also explain the inhibitory effect of the mutant on anchorage-independent growth of HT-1080 cells in soft agar, a prominent feature of tumorigenic cells that is independent of proteolysis (26) but rather reflects major alterations in cell cycle machinery and in the organization of the cell's cytoskeleton (30) . In addition, since aneuploidy is the outcome of deregulation of the cell cycle progression through alteration of the mitotic checkpoint (31) and that MT1-MMP has been shown to confer aneuploidy and tumorigenicity to non-malignant epithelial cells by the MT1-MMP-mediated proteolytic degradation of pericentrin (25) , it is possible that the reversal of polyploidy mediated by the MT1-MMP mutant observed in the current study may be related to an inhibitory effect on these processes. Although these mechanisms remain to be identified at the molecular level, these results nevertheless suggest that tyrosine phosphorylation of the intracellular In this respect, we observed that an important consequence of the inhibitory effect of the phosphorylation-defective MT1-MMP mutant on tumor cell proliferation and invasion is its ability to prevent tumor growth in nude mice. HT-1080 formed well-defined tumors containing numerous blood vessels and rapidly proliferating cells, as reported previously (32) . Although all tumor cells express MT1-MMP, we observed that the tyrosine phosphorylated form of the enzyme was restricted to a subset of tumor cells located at the vicinity of tumorassociated vessels. Since tumor cells at proximity of these blood vessels are exposed to higher oxygen concentrations and divide more rapidly (33, 34) , the preferential tyrosine phosphorylation of MT1-MMP in these proliferating cells supports a potential important role of the phosphorylated protein in tumor cell proliferation and strengthen the hypothesis that the dominant-negative effect of the MT1-MMP mutant against tyrosine phosphorylation of endogenous MT1-MMP observed in vitro is responsible for the antitumor activity of the mutant in vivo.
Our results stand in contrast to previous studies showing that in otherwise invasion-incompetent cells, overexpression of a MT1-MMP mutant lacking the entire cytoplasmic sequence confers these cells with the ability to proliferate within collagen gels and to invade ECM barriers similar to that induced by the wild-type enzyme (13, 27, 35) . Although this discrepancy remains to be solved, we posit that the dominant-negative MT1-MMP mutant impairs tyrosine phosphorylation of the endogenous MT1-MMP pool, inducing competition for the activation of the cell autonomous invasion program. This competition would lead to reduced cell cycle progression and proliferation, notwithstanding adequate proteolysis of the surrounding 3D matrix. By contrast, in cells expressing the cytoplasmic domain-deleted mutant, pericellular proteolysis induced by the enzyme releases the growth constraints induced by the 3D environment, without any interference with the intrinsic cell invasion program, and would thus be sufficient to confer cells within a 3D growth advantage and to sustain tumor progression (13) . However, an essential role of the intracellular domain of MT1-MMP for the growth of poorly invasive MCF-7 cells in vivo was recently reported (19) , suggesting that a requirement for this domain may also depend on the intrinsic invasion program of the recipient cells.
During tumor progression, cancer cells must traverse and grow within an extremely dense 3D barrier composed of ECM proteins (36, 37) . Recently, MT1-MMP-mediated pericellular proteolysis of the ECM has emerged as an essential mechanism by which tumor cells circumvent the mechanical coercion imposed by these 3D barriers and acquire the ability to invade and proliferate within this growth-restrictive environment (13) . The results presented in the current paper suggest that this proteolytic event must also be tightly coupled to intracellular-signaling events in order to sustain proliferation of tumor cells in 3D matrices of which tyrosine phosphorylation of MT1-MMP may play a prominent role. Identification of proteins that specifically interact with tyrosine-phosphorylated MT1-MMP, which is currently underway, should provide important information on the intracellular-signaling pathways responsible for the coupling of MT1-MMP-mediated pericellular proteolysis to tumor cell proliferation. 
